Growth inhibition by the pantothenate analog N-pentylpantothenamide (N5-Pan) has been attributed to the accumulation of acyl carrier protein carrying a prosthetic group modified by incorporation of N5-Pan. This was attributed to an inability of the AcpH acyl carrier protein phosphodiesterase to cleave the N5-Pan-modified prosthetic group from the protein moiety. We report that AcpH readily removes the N5-Pan-modified prosthetic group both in vivo and in vitro and show that N5-Pan blocks coenzyme A synthesis.
The N-substituted pantothenamide antimetabolites are analogs of the coenzyme A (CoA) precursor, pantothenic acid. These compounds have been utilized as antimicrobial agents (2, 18, 23) , as probes of the active site of pantothenate kinase (21) , and to posttranslationally modify and visualize carrier proteins in vivo (14) .
N-Pentylpantothenamide (N5-Pan), the most studied of these compounds, has been shown to participate in three of four CoA synthetic reactions ( Fig. 1 ) leading to the formation of the inactive CoA analog ethyldethia-CoA (18) . Acyl carrier protein (ACP), the carrier of acyl intermediates of fatty acid synthesis (1) , requires the posttranslational attachment of a prosthetic group, 4Ј-phosphopantetheine, derived from CoA for metabolic function. Holo-ACP synthase (AcpS), the enzyme that catalyzes this reaction in Escherichia coli (7, 15) , also uses ethyldethia-CoA as a substrate in vivo, leading to the accumulation of inactive ethyldethia-ACP and subsequent inhibition of fatty acid synthesis (23) . Zhang and coworkers proposed that ACP phosphodiesterase (AcpH), the enzyme that hydrolyzes holo-ACP to apo-ACP and 4Ј-phosphopantetheine (19, 20) , is unable to use ethyldethia-ACP as a substrate (23) . This was postulated to lead to the observed accumulation of this ACP species and cause the antimicrobial activity of N5-Pan. However, the gene encoding AcpH was unknown at that time, precluding in vivo testing of this hypothesis. We report that AcpH readily hydrolyzes ethyldethia-ACP and that increasing or abolishing AcpH levels in vivo had only very modest effects on sensitivity to N5-Pan.
Strain JT6 was constructed by transduction of E. coli K-12 strain UB1005 to tetracycline resistance by using strain CAG12184 (tolC::Tn10) (17) , which lacks the outer membrane exit duct of tripartite efflux pumps. An exponentially growing culture of strain JT6 in minimal M9 medium containing 0.4% glycerol and 0.1% vitamin-free Casamino Acids was supplemented with 200 g/ml N5-Pan synthesized by the method of Strauss and Begley (18) . Samples of the culture were periodically removed, cell extracts were prepared, and ACP pools were visualized by conformationally sensitive gel electrophoresis (5) . As reported by other workers (23), a rapidly migrating ACP species corresponding to ethyldethia-ACP, which became the dominant ACP species, was observed ( Fig. 2A ).
In the model previously proposed (23), a strain lacking AcpH would be resistant to N5-Pan. Moreover, due to the increased turnover of holo-ACP, a strain overproducing AcpH should be more sensitive to N5-Pan. In order to test these predictions, strain JT13 lacking acpH was constructed by transduction of strain JT6 to chloramphenicol resistance by using a P1 lysate made on the ⌬acpH strain JT1 (19) . Derivatives of strain JT6 transformed with plasmid pJT5, which expresses AcpH under arabinose control (19) , or the empty vector pBAD322 (3) were also constructed. Contrary to our expectations, we observed that the acpH null mutant strain JT13 was about 2-fold more sensitive to N5-Pan than was the parent strain ( Fig. 3A) , whereas the strain overexpressing AcpH was approximately 2-fold more resistant to the analog (Fig. 3B) .
To examine the ACP pools of these strains, cultures were treated with 100 g/ml N5-Pan, crude extracts of the cells were made, and the proteins were separated by conformationally sensitive gel electrophoresis, followed by electrophoretic transfer and Western blotting with a specific anti-ACP antibody (Fig. 2C) . A significant pool of holo-ACP was present in the AcpH-overproducing strain 3 h after treatment with N5-Pan, whereas in the empty vector control, the predominant species was ethyldethia-ACP. The ACP pools of the acpH deletion strain JT13 did not differ markedly from the parental strain (data not shown).
Purified ethyldethia-ACP was isolated as described previously (5), with the exception that 400 g/ml N5-Pan was added to the culture that overexpressed ACP. Both ethyldethia-ACP and holo-ACP were hydrolyzed by AcpH in vitro (Fig. 2) . Ethyldethia-ACP is therefore a substrate for AcpH both in vivo and in vitro, and AcpH provides an only modestly increased resistance to N5-Pan.
We then examined CoA synthesis in cultures treated with N5-Pan, reasoning that if CoA synthesis was inhibited by the analog or its products in vivo, ethyldethia-CoA would constitute the sole source of cellular ACP prosthetic groups, thereby leading to the observed preferential accumulation of ethyldethia-ACP over holo-ACP. The ␤-alanine auxotrophic strain JT7 carrying a panD deletion (4, 22) was constructed by transducing NRD45 (UB1005 ⌬panD) to tetracycline resistance by using the strain CAG12184 lysate as described above. The cellular CoA and ACP pools were specifically labeled using tritiated ␤-alanine (12, 16) . A culture of strain JT7 was grown to an optical density of 0.2 in minimal M9 medium containing (9) and analyzed by reverse-phase high-performance liquid chromatography (HPLC) on a C 18 column. After treatment with the analog, CoA synthesis was severely inhibited, leading to Ͼ10-fold decreased levels of the key metabolic intermediate, acetylCoA (Fig. 4) .
Zhang and coworkers argued that N5-Pan did not inhibit CoA synthesis, based on the finding that the major effect of depletion of intracellular CoA, inhibition of protein synthesis (11, 13), was not observed (23) . However, their studies were done in the presence of exogenous amino acids, which relieve the amino acid starvation caused by CoA depletion (13) . We attempted to determine if a specific step of CoA synthesis was inhibited by N5-Pan by separately overproducing each of the four CoA synthetic enzymes, CoaA, CoaD, CoaE, and Dfp, in the expression vector pBAD24 (8) . Overproduction of these enzymes failed to impart N5-Pan resistance and instead caused increased sensitivity to N5-Pan (Fig. 3C) , likely due to increased flux of the analog through the synthetic pathway. Identification of the specific enzyme(s) inhibited will require further in vitro analysis.
Inhibition by pantothenamides of the CoA synthetic enzyme pantothenate kinase, CoaA, was reported previously (2, 10, 18, 21) , but because neither overexpression of CoaA (this work) nor supplementation of the medium with pantothenate (23) relieved growth inhibition, it is uncertain whether inhibition of this enzyme is sufficient to account for the toxicity of N5-Pan. Inhibition of the fatty acid synthetic enzymes by ethyldethia-ACP may also be responsible for part of the toxic effects of the analog. However, supplementation of Streptococcus pneumoniae with exogenous fatty acids was insufficient to restore growth (23) . Thus, the most likely scenario seems to be that the mode of action of the pantothenamide analogs is through com- Peak a includes all labeled compounds that failed to bind to the HPLC column (probably mainly ␤-alanine and pantothenate that was not removed by the preparatory C 18 column) and was highly variable from run to run. Note that malonyl-CoA, which was also included in peak a, is only a trace component of the CoA pools (11, 12) . Peak e is an artifact of an unknown structure formed upon addition of N5-Pan to minimal M9 medium containing ␤- [3- 3 H]alanine. Its formation occurred in both the presence and the absence of cells.
bined inhibition of CoA and fatty acid synthetic enzymes and perhaps of enzymes that utilize CoA or acetyl-CoA.
